This paper describes the architecture and use of a multisensor system for estimating a driver's fatigue level. These sensors are an element of the integrated system for monitoring a driver's behavior, also including the measurement of environmental conditions and driving technique. Sensors described in the paper are designed to work under simulated and real conditions (when driving a vehicle). To estimate the level of driver fatigue, we used a subsystem for measuring eye closing frequency and oculomotor activity (Eye Activity Monitoring Subsystem), a personal medical set and a non-contact electrocardiography signal measurement module. In addition, for comparison purposes, we used commercial solutions called faceLAB 5 (system for tracking and testing eye activity) and FlexComp (system for measuring physiological activity). The paper presents a description of the sensors, their communication with the LoggerBox master device, and their location in the car. It also presents a typical test procedure and sample signals recorded during driving.
pedestrians) and the road environment (the road itself, including all the engineering structures, devices and installations, the road surroundings, as well as traffic and weather conditions). These factors form a network of interdependent relations and contribute to various road traffic events and emergencies. It is particularly essential to learn the role of the man (driver) in the process of developing dangerous events. Within the entire road traffic safety system, the man plays a double role. The man is the designer (road traffic organizer) and the road user. Safe behavior of the driver on the road depends to a large extent on his mental and physical characteristics, the degree of social adjustment, ability to cope with complex situations, driving style, travel, and social discipline [1] .
This paper presents a description of the selected elements of the measuring system used to measure key signals and parameters necessary to determine the physical and mental condition of vehicle drivers. This condition is measured based on status analysis of the vehicle internal and external conditions. The resulting dynamic model, including on-board video camera motion captures, allows determining the impact of the monitored factors on the physical and mental condition of the driver. The solution presented in this paper is a component of the driver's professional training system composed of a truck and bus simulators. These devices are able to enforce specific driver-ambient conditions, such as high temperatures, vibration, noise, air pollution, and thus determine the impact of such factors on the driver's condition.
Measuring system architecture
The monitoring of the driver's behavior at work is a very difficult process. The difficulty stems from, first of all, the impact of weather and ambient conditions, as well as other drivers, on the vehicle driver's behavior. The process of designing driver fatigue monitoring systems has been underway for several years. Papers [2] [3] [4] [5] [6] [7] [8] present sample solutions. However, these systems are usually based on a single sensor type. The solution proposed in the paper entails developing a dedicated (proprietary), distributed, multisensor measuring system. The system is composed of sensors, software, system integration moduleLoggerBox (LB) -and organizational procedures. The sensor flowchart of the developed system is shown in Fig. 1 .
The system is based on sensors responsible for monitoring the psychophysical condition of the driver (measurements of the ECG signal, body temperature, blood pressure, eye and pupil movement), the environmental conditions inside and outside of the vehicle (measurements of the ambient temperature, humidity, atmospheric pressure, air pollution, noise, and light that impacts the driver's eyes) and the driving technique (measurement of the longitudinal and lateral acceleration of the vehicle, vibration, distance from other vehicles, steering wheel movement, and engine performance parameters).
The sensors are connected to the system integration module via CAN and UART wired interfaces, as well as an ISM 2.4 GHz radio (wireless) interface. All wireless connection sensors feature autonomic power supply units. Other devices, including the CAN bus, are fitted with power supply cables. The system integration module is designed to ensure synchronous sampling of signals, record data in real time and share them via the GPRS technology. The LB module writes data to a Micro SD memory card. For each group of signals, LB creates a separate file. This solution ensures improved reliability but much more attention should be paid when synchronizing data.
Similar to most sensors, LoggerBox is a microchip device, set up using an IBM PC. The proprietary software level enables setting up selected operating parameters, such as the data transfer mode: transfer of data in real time (on-line) or after the measurement (off-line), communication method (USB, WiFi, GSM/GPRS mobile network), as well as configuration of the system clock. GPRS connectivity allows monitoring the location of the monitored driver and vehicle, and tracking them on a digital map, including all the specific data.
Regardless of the sensors developed, the data is measured by means of reference measuring modules faceLAB 5 [9] and FlexComp [10] . These modules are used for validating the operation of proprietary measuring devices and methods. Also, the parameters defined by the sensors supplement the monitored signals. FaceLAB 5 tracks eye movement activity and indicates vision focusing points. FlexComp records such signals as ECG, EMG, body temperature, skin conductance, and breath rate.
Sensors for measuring driver psychophysical condition
The psychophysical condition of the driver has been determined on the basis of information acquired from the developed sensors. Some of the sensors are deployed directly on the tested person's body and are a part of the personal equipment set. The remaining sensors are integrated into the vehicle's interior. The layout of the selected group of sensors is shown in Fig. 2 . The driver's personal equipment set includes the Personal Medical Packet (PMP) and FlexComp. The PMP is the device the driver has always with him. The device works in an autonomous mode. Therefore, it is possible to monitor the driver's behavior while driving and during breaks, when the driver usually gets out of the vehicle. The PMP consists of a microprocessor-based system recording data communicating with LB and ECG measuring sensors (determining the heart rate [HR] and heart rate variability [HRV]), body temperature, blood pressure, atmospheric pressure and movement by means of accelerometers and gyroscopes. The data is exchanged between the system integration module and PMP via a galvanic insulated UART interface. The communication is based on the Master-Slave model, where LB is the master module. PMP is the slave device. Another group of measuring components is composed of sensors permanently deployed on board of the vehicle. This group is composed of the non-contact ECG signal measurement module (NCECGM), eye activity research subsystem (PBAO) and faceLAB 5. The NCECGM module features two active measuring electrodes and one reference electrode. All the electrodes are integrated within the driver's seat. The measuring electrodes are sewn into the back rest, and the reference electrode is sewn into the bottom of the seat ( Fig. 3(A) ).
The driver is unable to spot or sense the electrodes, so they cannot impact the driver's working conditions. As a result, it is possible to carry out non-invasive ECG signal measurements for the purpose of determining the heart rate. The resulting measurement conditions allow testing the feasibility of using noncontact heart rate measurements in real world conditions (including interferences). Correct operation of the NCECGM module requires a proper capacitance feedback between the human body and the active measuring electrode. The measuring system, including the capacitance feedbacks, is shown in Fig. 3(B) . The changing potential on the surface of the human body is the source of the measured signal, produced by the human heart. In the case of contact electrodes (glue-on type -as in the PMP), the potential is measured directly by measuring amplifiers.
Using the non-contact measurements requires solving several technical problems caused by several isolation layers (as shown in Fig. 3(B)a) ). The first layer is clothing -the thicker the layer, the weaker the signal. Another isolation layer is the air gap between the clothes and the driver's seat cover. The thickness of this air gap changes during measurements and is the main source of sudden signal changes (artifacts). The next layer of insulation is the seat cover and a thin layer of insulation on the surface of the gold-plated electrodes. Due to extremely strong attenuation of the measured signals, active electrodes with amplifiers A 1 , A 2 and the feedback A 3 [11] [12] [13] [14] have been employed. The key signal attenuation components, the RC modules, located between the V in signal input and the nonreturn input of the A amplifier, are shown in Fig. 3(B)b) . The capacity of the gap C gap is a critical parameter with decisive impact on the quality of the measured signal. The gap's capacity changes when the driver shifts his body in relation to the seat, which causes significant interferences of the measured ECG signal. The thickness and type of clothes worn by the driver is another, equally important factor. The type and fabric the clothes are made of directly influences the value of the capacity C C and resistance R C . Based on completed experiments, it may be concluded that too thick layer of clothes (e.g., a jacket) or a large amount of synthetic components renders the non-contact ECG signal measurement practically infeasible.
Another component deployed in the vehicle's interior is the eye activity monitoring system. PBAO determines the driver's fatigue based on tracking eye pupil and lid activity. For this purpose, a proprietary optical sensor has been developed, whose structure, operation and the application safety test results are presented in [15] . The sensor interfaces with the developed software that implements the custom image processing algorithm [16] . The system is designed to detect eyelid closure events and duration, as well as to determine the following parameters: right and left eye position on the image plane and the state of the eyes, blink frequency, PERCLOSE, PEROPEN, and pupil diameter [17] . Alongside the mentioned indicators, PBAO records the view of the driver and the front of the car; percentage pattern compliance for the left and right eye, frame id, and timestamp. The recorded video signals are stored as AVI files, and the remaining parameters are stored as CSV files.
The developed eye activity research system also allows streaming of the image to any ethernet-enabled computer. Similarly to other devices, the system may operate in the autonomic and Master-Slave modes. In the presented implementation, the PBAO operates in the Master-Slave mode, functioning as the slave device. In this mode, all the PBAO features are controlled by the LoggerBox master module. Thus, measurement and configuration data transfer and synchronization is ensured.
The PBAO and NCECGM modules, as well as other measurement path components are connected to LB via the CAN bus. Each device or sensor is identified as a network node, with a unique ID and a set of commands. To ensure proper workload of the bus and synchronous recording of data from all measuring modules, the maximum data transfer rate assumed is 1 Mbps. The developed LB signal integration module ensures synchronous sampling of over 50 signals at different sampling frequencies from fMIN = 1 Hz to f MAX = 250 Hz.
The sampling frequency of each of the devices connected to CAN is set by the LB. The module also performs the CAN bus access management function. The system is built on the principle that the Slave devices respond only to the request sent directly to these devices. The response time is predetermined and cannot exceed 200 s. Moreover, the LB module utilizes the measurement sample loss detection mechanism. The sample loss cases are recorded in log files.
System testing outline
The developed system was tested for several months. The tests were carried out on a group of several dozen drivers (mostly truck drivers) performing their daily work for transportation companies. All drivers participated in the experiment voluntarily. Each one underwent eye examinations, psychological tests, and took part in an experiment conducted on a truck simulator. The simulated route was designed to be as similar as possible to the one covered in real world. On the day of the test, the driver was provided with the personal PMP biometric signal recording system, which had to be returned upon completion of the route. The road test started and finished on the premises of a car park. The night tests were carried out from 10 pm on Wednesday till 6 am on Thursday. Upon completion of night driving, drivers were asked to repeat the psychological tests and a simulator exercise. The final examination (for a specific driver) was carried out on Friday. That involved driving in natural conditions -road traffic (at work), and then a psychological test and a simulator exercise. The adopted research structure allowed monitoring the behavior of the driver during routine tasks for the most part of the week. The completed research resulted in individual characteristics of drivers, which were analyzed in order to develop fatigue indicators.
Results of experiments
The authors tested the system for its efficiency in real life conditions. The system has been designed in line with the predefined requirements, including ability to Several factors critical for proper operation of the system were identified during the tests. A number of innovative solutions were implemented in the system. Firstly, these included contact-less measurement of oculomotor and electrical heart activity signals. The measurement systems, methods and algorithms for detection of the key parameters afforded reliable performance in laboratory conditions using a truck simulator. However, road tests revealed that time of day, insolation level and sudden insolation changes had huge influence on the behavior of the oculomotor activity assessment system. Driving along tunnels, characterized by rapidly changing conditions, and required fast-adaptable algorithms of image analysis used for determination of drivers' pupil locations. The high range of vertical motion of drivers' seats forced a change in the optical system of the sensor so as to ensure that the eyeball image was always located within the camera's field of view. A significant challenge was posed by identification of an optimum position of the optical sensor within the windshield with regard to the distance and angle from driver's eyes. The tests revealed that also the axial ranges of motions were decidedly wider than those observed using the simulator. In case of the signals of the electrical activity of the heart, clothes worn by the drivers, i.e. the type and thickness of material, had impact on the results.
Another tested factor included the custom data transmission method. The custom solution facilitated continuous transmission of data in one data stream containing the values of signals sampled at various frequencies in both uniform and non-uniform fashion. The method of data transmission including data frames consisting of the header field, the control field, the data field length field, checksum field with length constants determined by the number of bytes and the data field is characterized in that fields of uniformly-sampled signals (GPSR) and non-uniformly-sampled signals (GPSI) are placed in an alternating fashion within the data field (PDAN). The method is characterized in that the data field (PDAN) features one of each or two fields of uniformly-sampled data (GPSR) and non-uniformly-sampled data (GPSI) The mechanism facilitates timely imaging or recording of numerous signals differing in the range of acceptable values and sampling methods.
Functionality tests involving handling, correctness of operation, risks associated with improper use, handiness, resilience to harmful factors, durability and ease of use were also performed. The measurement system presented in the paper is a diagnostic system for use in research studies. It facilitates the measurement and synchronized on-line data transmission for nearly 500 parameters and signals.
The ECG signal, perfectly suitable for psychophysiological status measurements, was the standard measurement signal within the system. Detection of time-domain and frequency-domain parameters may be used for determination of the level of activation of the human autonomic nervous system (ANS).
A sample monitored signal was the ECG signal used as the basis for determining the HR. The ECG signal recorded via the traditional method while driving, along with the measured HR, is shown in Fig. 4(A) . Figure 4(B) shows the ECG graph recorded using the non-contact technique. In contrast to the ECG signal shown in Fig. 4(A) , the signal has a significantly smaller amplitude of approx. ±100 V, as well as a different shape. Among others, there are no visible QRS waves characteristic for the ECG signal. The results of the tests prove that the Cgap (Fig. 3(B) ), capacity plays the key role here. In many cases, especially in real world conditions, the gap does not allow proper measurement and determination of the HR value. In laboratory conditions, on a simulator, the gap impact may be significantly limited. As a result, the HR value may be measured, as it is presented in Fig. 4(B) . Available literature holds plenty of examples [18, 19] of using the HR signal for determining fatigue. This signal, complete with a specific test, is also used to determine the fatigue by pulse meters, such as Polar RS800. Figure 9 shows that the received signal is a typical ECG wave, and the HR value determined based on the wave falls within the limits characteristic for a healthy human body. The applied manner of measuring the electrical activity of the heart and the signal processing algorithm used [18] , provide information about the instantaneous and long-lasting activation level of the autonomic nervous system. According to the authors, for drivers, the HR parameter itself, influenced by multiple factors affecting its increase or decrease, is not sufficient to build a clear and reliable indicator for determining the level of fatigue. However, the use of HR along with www. witpress.com, ISSN 1743-3509 (on-line) WIT Transactions on The Built Environment, Vol 168, © 2015 WIT Press signals describing the driving technique, environmental conditions, and eye activity may lead to synergy and, consequently, enable detection of risks associated with decreased concentration or sleepiness of drivers.
Another fatigue determination method, which is equally popular as the HR measurement, is the eye activity measurement [17, 20] . This technique is particularly interesting, because in standard conditions, eye movement is out of conscious control of the man. Stress, emotional tension, fatigue, concentration or loss of attention and noise alters the response of eyelids. It has been observed, for example, that the number of mistakes made increases the frequency of blinking. Also, drivers paying attention to the road blink less frequently. A relaxed person blinks, on average, 22.4 ± 8.9 times per minute [21] . The change in the number of blinks is always for a reason. This may be, for example, a change in the environment (ambient) or a change in the psychical condition of the individual. While making measurements, one must discern between BD (blink duration) and BR (blink rate). Both these parameters are useful for measuring the driver's workload dynamics (high vs. low workload) and fatigue. The phenomenon of blinking is believed to be a discrete indicator of actual driver excitation level. This excitation can be understood as the ratio of the time when the eye is considered to be closed (maximum of 80% of the surface of the eye 'open') to the total measurement time. The indicator defined in this way is used in the literature under the name PERCLOSE (Percentage of Eye Closure) [22] . It is considered as one of the best indicators signaling the first symptoms of drowsiness. Alongside PERCLOSE, the delivered system also tested the feasibility of using other signals. The position of the determined pupil center points informs about head movement. In the analyzed case, the driver almost unnaturally tried to stare at the road, which is concluded from the distribution and focus of the determined pupil center points.
All types of road maneuvers were performed while driving, including change of lanes, U-turns, driving along traffic circles, stopping at traffic lights and starting after light changes, etc. The daytime driving test was found to be particularly demanding, as difficulties with determination of eye status were encountered as due mainly to inability to control the intensity and direction of sunlight falling on driver's face (harsh environment). In such conditions, eye pupils react in a manner completely uncontrolled by the driver. Spontaneous narrowing and dilation is required for proper vision. However, it poses particular problems for identification of pupils within the image. Significant (> 50%) narrowing of pupils was particularly troublesome, as it was associated with a drop in their brightness level. Despite these, the oculomotor activity assessment system under development was capable of correctly identifying the position and status of eyes in the images. Significant problems were encountered with regard to identification and assessment of oculomotor activity in case of the driver's eyes being exposed to excessive light from the sun or approaching vehicles at levels close to complete dazzling. In such cases, the determined parameters may become undetectable. The developed system was tested for reliability when using optical glasses, dimming glasses and contact lenses. No significant impact of optical glasses and contact lenses on system performance were observed. The effect of the dimming glasses depended on the degree of shading. When at least one eye is visible, the PBAO system determines the activity indicators including perclose, peropen, pupil size, blinking frequency (BlinkFreq), mean pupil size.
The signals recorded in the designed system were classified into three main categories comprising the principal elements of the system. The first category includes the signal of the electrical activity of the heart measured using the contact-less electrode method (Fig. 4(B) ), as well as the blood pressure signal (Fig. 6) . The second category consists of signals from the oculomotor sensor (Fig. 5) , while the third category includes the parameters related to the driving technique and road conditions. The graphs below present the signals recorded by the driving technique module. The module collects data from accelerometers and gyroscopes. It was tested in characteristic, strictly defined road conditions, i.e. during dynamic acceleration and braking, sharp curves (traffic circles) and gear changes characterized by various smoothness (Fig. 7) .
www.witpress.com, ISSN 1743-3509 (on-line) Figure 7 : Signals recorded by the driving technique module:
1. Synchronization point, and dynamic start; 2. Gear change from 1st to 2nd; 3. Emergency braking; 4. Activation of ABS; 5. Brake pedal release; 6. Synchronization point (end of test).
Conclusions
This paper presented an integrated system for analyzing driver fatigue and selected sensor signals. The assessment of driver's fatigue entailed measurements of biomedical signals, environmental data and the analysis of eye pupil and lid activity (based on image analysis). The description of measurement devices, their architecture and communication method was also described. The paper described non-contact measurement of the ECG signal with the use of sensors deployed in the driver's seat, under the seat cover. As a result, the driver does not feel the sensors, so they do not cause any discomfort during driving. The signal from the non-contact electrodes is much weaker (about ± 100 µV) than the signal received from electrodes glued to the body of the driver (about ± 1 mV). However, it allows determining the heart electrical activity signal. The eyelid and pupil movement research system is a proprietary development. It allows real-time determination of PERCLOSE, BF and BD parameters, supporting the process of identifying the driver's fatigue level. The developed measuring system synchronously records signals from all sensors and captures video images from the camera inside the vehicle and the external camera. Therefore, it is possible to process the signal both on-line and off-line. According to the authors, the synergy of calculated parameters may be the basis for development of an objective method of measuring the risk occurring while driving, resulting from changes in the driver's psychological and physiological condition.
